Inhalation of airborne toxicants such as cigarette smoke and ozone is a shared health risk among the world's populations. The use of toxic herbicides like paraquat (PQ) is restricted by many countries, yet in the developing world PQ has demonstrable ill effects. The present study examined changes in pulmonary function, mitochondrial DNA (mtDNA) integrity and markers of DNA repair induced by acute or repeated exposure of PQ to rats. Similar to cigarette smoke and ozone, PQ promotes oxidative stress, and the impact of PQ on mtDNA was compared with that obtained with these agents. Tracheal instillation (i.t.) of PQ (0.01-0.075 mg/kg) dose dependently increased Penh (dyspnoea) by 48 h while body weight and temperature declined. Lung wet weight and the wet/dry weight ratio rose; for the latter, by as much as 52%. At low doses (0.02 and 0.03 mg/kg), PQ increased Penh by about 7.5-fold at 72 h. It quickly waned to near baseline levels. The lung wet/dry weight ratio remained elevated 7 days after administration coincident with marked inflammatory cell infiltrate. Repeated administration of PQ (1 per week for 8 weeks) resulted in a similar rise in Penh on the first instillation, but the magnitude of this response was markedly attenuated upon subsequent exposures. Pulmonary [lactate] and catalase activity, [8-oxodG] and histone fragmentation (cell death) were significantly increased. Repeated PQ instillation downregulated the expression of the mitochondrial-encoded genes, mtATP8, mtNd2 and mtcyB and nuclear ones for the DNA glycosylases, Ogg1, Neil1, Neil2 and Neil3. Ogg1 protein content decreased after acute and repeated PQ administration. mtDNA damage or changes in mtDNA copy number were evident in lungs of PQ-, cigarette smoke-and ozone-exposed animals. Taken together, these data indicate that loss of pulmonary function and inflammation are coupled to the loss of mtDNA integrity and DNA repair capability following exposure to airborne toxicants.
Introduction
The influence of airborne environmental hazards on global health has long been recognized. A common example is cigarette smoke exposure, which alone results in over 6 million deaths per year (1) . Another is ozone, which is the most prevalent form of air pollution and the most dangerous causing premature death due to respiratory diseases (2) . In both cases, these agents invoke oxidative stress within the cells that they contact and adversely affect mitochondrial function. Wiegman et al. (3) recently showed that tissue biopsies from subjects with chronic obstructive pulmonary disease, a smoking-related pathology, demonstrate enhanced levels of mitochondrial reactive oxygen species (ROS) with concomitant mitochondrial dysfunction. Moreover, these authors showed that ozone exposure to mice similarly impacts mitochondrial ROS and dysfunction. Herbicides used in agriculture and home gardens are potentially a source of airborne toxicant. The use of the herbicide, paraquat (PQ; 1,1′-dimethyl-4,4′-bipyridinium dichloride) is currently forbidden in the USA and Europe but remains a widely used agent in developing countries. When sprayed in fields, PQ is inhaled by workers or can contact their skin. PQ is a redox cycler that associates with the mitochondrial respiratory chain, principally at Complex I where it converts molecular oxygen to the superoxide radical which damages mitochondrial lipids, proteins and DNA (4) .
Mammalian cells contain two types of DNA, nuclear DNA and mitochondrial DNA (mtDNA). Although the mitochondrial proteome contains over 1000 proteins, mtDNA, which is a 16 568-bp circular molecule, encodes only 37 proteins. Eleven of these proteins form subunits of Complex I, III and IV of the respiratory chain, and two are subunits of Complex V. The remaining genes encode tRNAs and rRNAs for the mitochondrial translational apparatus. This double-stranded DNA is distinguished by its nucleotide content; the heavy strand is enriched with guanine which has a propensity for oxidation due to its redox potential, whereas cytosine dominates the light strand. Macromolecular complexes termed nucleoids efficiently and tightly package mtDNA and other core components of transcription, replication and additional processes necessary for genetic maintenance and cellular signalling (5) . The nucleoid is physically tethered to the matrix side of the inner mitochondrial membrane in close physical proximity to the energy-producing protein complexes. Each nucleoid contains 1-2 molecules of mtDNA, whereas each mitochondrion houses an average of 3.2 nucleoids [reviewed in ref. (5)], and each mammalian cell has about 100 mitochondria (6) . It is noteworthy that the number of mitochondria per cell is highly responsive to the cellular energy requirements. For example, red skeletal muscle fibres such as the soleus contain more mitochondria than white or mixed ones like gastrocnemius (7) . Maintenance of human mtDNA is critical for adequate energy production to fuel healthy cellular function, whereas loss of mtDNA integrity can lead to deleterious cellular and organ consequences.
mtDNA is thought to be more susceptible to damage and mutation than nuclear DNA. The lack of coexistent histone complexes; the single-stranded nature of mtDNA replication; and its physical proximity to the primary source of endogenous ROS, i.e. the respiratory chain, render mtDNA vulnerable to lesion formation and mutation. Moreover, the lack of introns within the DNA enhances the probability for mutation. The respiratory chain can be a significant source of superoxide anion, which is in most cases rapidly dismutated by manganese superoxide dismutase to form hydrogen peroxide and other radical species. Consequently, the mitochondrial matrix is considered a more oxidizing environment than the cytosol (8) . Oxidative modifications of DNA are one of the most common group of changes found with 8-oxo-7,8-dihydroguanine (8-oxoG) being most prevalent due to electron double bonds of the guanine-rich heavy strand (9) . mtDNA contain steady-state levels of oxidative lesions well above those found in nuclear DNA (10) , and these levels increase with ageing (11) . Oxidative modifications of DNA including 8-oxoG are found in animal models of disease and several types of human diseases, such as cancers, neurodegeneration, diabetes, cardiovascular and pulmonary pathologies [reviewed in ref. (9, 12) ].
Processes such as DNA repair that prevent mutation and accumulation of mtDNA variants can have remarkable impact on the stability of the mitochondrial genome and function of the mitochondria. Base excision repair (BER) is the first DNA repair pathway found in mitochondria and is the most active repair process within the organelle. The first step in the pathway is the recognition and excision of 8-oxoG by the DNA glycosylase, OGG1. The human Ogg1 gene is expressed as multiple alternatively spliced isoforms. The predominant isoforms are 1a (hOGG1α) and 2a (hOgg1β). The 1a isoform has a nuclear localisation signal, whereas the 2a isoform contains a mitochondrial localisation tag and is linked to the inner mitochondrial membrane in proximity with mtDNA (13) . Similarly, Ogg1 activity has been observed in rodent mitochondria (14) . The most common human variant of Ogg1 is S326C. This variant results in an approximate 7-fold loss in enzyme and DNA repair activity (15) and has been associated with numerous cancers, e.g. lung (16) , and other diseases involving oxidative stress such as cataract (17) and Alzheimer's disease (18) . The risk of disease markedly increases when the S326C variant occurs in combination with variants of other DNA repair proteins (19) . These investigations highlight the importance of a fully competent DNA repair system to maintain DNA integrity.
Although the types of airborne toxicants described above have been widely investigated for their destructive effects on cellular health, only modest attention has focused on these substances and their impact on the integrity of mtDNA or its repair. The present investigation was primarily undertaken to evaluate the physiological and molecular changes brought about in rodents by direct instillation of PQ to their lungs. The data indicate that acute exposure adversely impacts lung function, mtDNA and its capability to repair the lesions. Although PQ was utilized as a model system for mitochondrial ROS production, less specific sources of oxidants were also evaluated for their impact on mtDNA. Not surprisingly, similar adverse changes in mtDNA integrity were also found in lungs of animals following inhalation of cigarette smoke or ozone.
Materials and Methods

Animals
All studies were conducted in accordance with the GlaxoSmithKline Policy on the Care, Welfare and Treatment of Laboratory Animals and were reviewed by the Institutional Animal Care and Use Committee at GlaxoSmithKline facilities where the work was performed. Age-matched male Lewis rats (250-400 g, Charles River Breeding Laboratories, Wilmington, MA) and male and female C57BL/6J mice (20-25 g, Jackson Laboratories, Bar Harbor, ME) were allowed free access to food and water.
For studies using PQ (or N,N′-dimethyl-4,4′-bipyridinium dihydrochloride, Sigma Aldrich, St Louis, MO) as the toxin, aliquots were prepared in sterile phosphate-buffered saline (PBS) and instilled directly to the trachea of the rat while under isoflurane anaesthesia. Rats were anaesthetised in a small acrylic induction box with 2-5% isoflurane gas. When surgical anaesthesia was obtained (assessed by loss of the righting reflex followed by the use of the pedal withdrawal reflex), the rat was removed from the box and placed supine on a head up, tilted platform. The trachea was illuminated, and either PQ or vehicle (300 μL, doses identified in figure legends) was directly instilled into the trachea, anterior to the primary bifurcation at the carina, using a blunt-tipped needle. The animal was returned to a recovery cage, where the righting reflex was regained in 2-3 min. In some cases, animals were administered PQ (or vehicle) on multiple occasions (1 per week for 8 consecutive weeks) as described in the text or figure legends. For administration of PQ to mice, anaesthesia was similar and either PQ or saline (50 μL) was slowly delivered across the nares.
To monitor changes in airway mechanics, rats were placed into individual plethysmograph chambers (BUXCO Electronics, Troy, NY). Fresh air was supplied by bias flow pumps to the chambers. Baseline respiratory (Penh) values were collected prior to administration of PQ and on succeeding days after administration of the agent. An average Penh was calculated for a period of 5 min where enhanced pause [Penh = [(expiratory time/relaxation time) − 1] × (peak expiratory flow/peak inspiratory flow)] and relaxation time is the amount of time required for 70% of the tidal volume to be expired.
In some studies, bronchoalveolar lavage was performed to identify the immune cells infiltrating the lung in response to the toxicant. After the animals were euthanised [Fatal Plus, 100 mg/kg intraperitoneally (i.p.)], the trachea was surgically exposed and a blunt-tipped needle was inserted into the trachea for administration of lavage fluid (5 × 5 mL Dulbecco's PBS). The lavage fluid was collected, placed on ice and centrifuged (2000 g × 10 min, Beckman-Coulter, Danvers, MA). Supernatant was aspirated and frozen, whereas the pellet was resuspended in 5 mL of PBS. An aliquot (100 μL) was centrifuged (484 g × 5 min, cytospin, Thermo-Shandon, Waltham, MA), and a separate sample was prepared as 1:5 dilution for total cell counts using a haemocytometer. Aliquots of cells were placed on slides and stained (Kwik-Diff-Quick, Thermo-Shandon, Waltham, MA) according to manufacturer's instructions. At least 200 cells were counted and percentages of different cell types were calculated (macrophages and neutrophils).
C57BL/6J mice (12-16 weeks old, 20-25 g, Jackson Labs, Bar Harbor, ME) received nose-only exposure to 4% cigarette smoke from 3R4F cigarettes (College of Agriculture, Reference Cigarette Program, University of Kentucky), for 2 h/day for 3 consecutive days. Mainstream smoke was generated by a Baumgartner-Jaeger CSM 2070i Smoking Machine (CH Technologies Inc., Westwood, NJ), which contained a circular head that held 30 cigarettes set at a rate of 1 rpm. A 4% concentration of smoke was produced via a 2-s, 35-mL puff of smoke once per minute from each cigarette; 1 L of the resulting smoke was mixed with 24 L of air and delivered to the exposure tower. During exposure to smoke or air (sham controls), mice were maintained in restraining tubes containing stainless steel nose cone inserts. Following the final air or smoke exposure on Day 3, animals were anaesthetised with isoflurane and then euthanised via cardiac exsanguination followed by cervical dislocation. C57BL/6J female mice (10-12 weeks old, 20-25 g, Jackson labs, Bar Harbor, ME) were exposed to ozone (2.0 ppm) for a 3 h period twice a week with a resting period of 2 days between treatments. In some cases, ozone (1 ppm) was applied twice per week for three consecutive weeks. Ozone was generated (Oxycycler ozonator (model# A84ZV, Biospherix Inc., Lacona, NY) by passing room air through the ozonator at a rate of 50-75 cm 3 /min, mixing it with filtered room air at a rate of 10 L/min, and flowing this sample into a Plexiglass chamber containing the rodents. Ozone, carbon dioxide and humidity levels in the chamber were constantly monitored (Ozone Monitor Model 450, Teledyne Advanced Pollution Instrumentation, Inc., Thousand Oaks, CA). The animals were euthanised as described above 24 h after the last exposure to ozone.
Biochemical measurements
Following euthanasia and exsanguination as described above, the lungs were dissected into five lobes and snap frozen in liquid N 2 and stored at −80°C. Tissues were subsequently weighed and homogenised (10:1, v:w) with buffer containing 50 mM Tris-hydrochloric acid (HCl), 150 mM sodium chloride, 1% NP-40, 100 mM sodium fluoride, 50 mM β-glycerophosphate, 0.5 mM sodium vanadate, 1 mM phenylmethylsulphonyl fluoride and complete EDTA-free mini protease inhibitor (Sigma, St Louis, MO) using a GentleMacs tissue homogenizer (Miltenyi Biotec, San Diego, CA). Samples were clarified by centrifugation (10 000 × g), and protein was determined using Bradford dye reagent (Bio-Rad, Hercules, CA) with a bovine serum albumin standard curve.
For determination of lactate levels, aliquots of homogenate were deproteinated and lactate measured according to a commercially available assay (Cayman Chemical, Ann Arbor, MI). In brief, the samples were placed on an orbital shaker (300 rpm) for 20 min at room temperature during the incubation phase, and fluorescence intensity was monitored at 530 nm excitation/590 nm emission (PerkinElmer Multilabel Envision reader, Waltham, MA). Total glutathione levels were measured from deproteinated samples using a commercially available assay (Cayman Chemical, Ann Arbor, MI) with absorbance detected at 405 nm (BioTek Powerwave HT plate reader/Gen 5.0 software, Winoski, VT). Catalase activity was also measured using a commercially available assay (Life Technologies, Carlsbad, CA) with fluorescence settings of 530 nm excitation/590 nm emission (PerkinElmer MultiLabel Envision reader, Waltham, MA). The level of cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) was determined using a photometric enzyme immunoassay (Roche Diagnostics GmbH, Mannheim, Germany), with absorbance measured at 405 nm (BioTek Powerwave HT plate reader/Gen 5.0 software, Winoski, VT). The data were normalised to protein concentration and expressed as a ratio of the treatment groups to control. The level of 8-hydroxydeoxyguanine (8-OHdG) was measured at 405 nm (BioTek Powerwave HT plate reader, Winoski, VT) using an enzyme-linked immunoassay (Cayman, Ann Arbor, MI). The data were normalised to the amount of DNA in the sample.
mtDNA, mRNA and OGG1 protein measurements
Total DNA (or RNA) was extracted from samples of the frozen right inferior pulmonary lobe excised from animals exposed to toxicant or from respective sham animals. For extraction of either RNA or DNA, the tissue was added to lysis buffer (Kingfisher DNA or RNA extraction kit, Thermo Fisher Scientific, Waltham, MA), and the samples were processed according to the manufacturer's instructions. The nucleotide quantities were determined with respective Qubit kits (Thermo Fisher, Waltham, MA). For measurement of mtDNA copy number by quantitative real-time polymerase chain reaction (PCR), nuclear and mitochondrial primer sets (1 pmol/μL), and 2x SYBR green master mix (Life Technologies, Waltham, MA) were added to 50 ng of DNA combined with water (total 20 μL). The reaction was run according to the following protocol: 95°C × 20 s, then 40 cycles of 95°C × 1 s and 60°C × 20 s, followed by a melt curve of one cycle of 95°C × 15 s, 60°C × 60 s and 95°C × 15 s (Viia 7, Life Technologies, Waltham, MA, and Viia 7 software version 1.2.2). The primer sequences were: Primer 2 sense: CTCTCACCCTATTAACCACT, Primer 2 antisense: GTTAAAAGTGCATACCGCCA and MAPK1 sense: GCTTATGATAATCTCAACAAAGTTCG, MAPK1 antisense: ATGTTCTCATGTCTGAAGCG, for the mitochondrial and nuclear primer sets, respectively. Relative copy number was calculated using the modified delta CT method as previously described (20) and expressed as a relative fold change based on control values with confidence intervals.
For determination of mtDNA damage (21), 15 ng of DNA in long-chain PCR buffer was coupled with appropriate long and short primers for murine tissues. The reaction mixture was essentially the same for both long and short runs with the exception that the [Mg ++ ] was 1.2 and 1.1 mM, respectively. For mouse tissues, the following thermocycler conditions were utilised: 94°C 2 ×min followed by 19 cycles at 94°C × 15 s, 64°C × 30 s, 68°C × 8 min and finished at 72°C × 7 min; 94°C × 2 min, 94°C × 15 s, 60°C × 30 s, 72°C × 45 s and finished at 72°C × 7 min for the long and short PCR, respectively. The long and short primer sequences for mouse: 10 kb mitochondrial sense 5′-GCCAGCCTGACCCATAGCCATAATAT-3′, 10 kb mitochondrial antisense 5′-GAGAGATTTTATGGGTGTAATGCGG-3′, 117 bp fragment sense 5′-CCCAGCTACTACCATCATTCAAGT-3′ and 117 bp fragment antisense 5′-GATGGTTTGGGAGATTGGTTGATGT-3′. For samples obtained from rat lungs, the procedures were similar with the following exceptions: the thermocycler reaction conditions for long PCR were: 2 min incubation at 94°C followed by 20 cycles at 94°C × 15 s, 65°C × 30 s and 68°C × 8 min and then finished at 72°C × 7min and 94°C × 2 min. The short reaction was carried out as for the mouse. The long and short primer sequences for rat were: 5′-AAAATCCCCGCAAACAATGACCACCC-3′,5′-GGCAATTAAGAGTGGGATGGAGCCAA-3′ and 5′-CCTCCCATTCATTATCGCCGCCCTTGC-3′, 5′-GTCTGG GTCTCCTAGTAGGTCTGGGAA-3′. For both species, the long and short PCR products were then diluted 1:10 with Tris-EDTA buffer containing 5 μL/mL of Pico Green (Molecular Probes, Invitrogen, Carlsbad, CA) and fluorescence was monitored (485 nm excitation/528 nm emission, Envision PerkinElmer, Waltham, MA). The replicates for each sample were averaged, the long primer was subtracted from the short primer and transformed into percent of control using normalisation functions (GraphPad Prism v6.0, La Jolla, CA). The data were calculated to reflect an increase in damage by subtracting the long primer from the short primer, rather than the opposite which would show the reduction of signal.
Following RNA quantification, diluted samples were reverse transcribed (Quantitect Reverse Transcription kit, Qiagen, Hilden, Germany), which utilizes a DNAse step and a hot start to the reaction. The rtPCR product was used in real-time TaqMan© reactions using 18sRNA as a reference gene to evaluate mRNA relative levels for the genes of interest. It was previously determined that 18sRNA remained unchanged relative to the different toxicants administered to the rodents; therefore, 18sRNA was an acceptable candidate for a reference control. The primer/probe sets were 'off-the-shelf' and did not detect genomic DNA with the best coverage of the given gene (Life Technologies, ThermoFisher Waltham, MA). Levels of mRNA expression were calculated according to previously described methods (22) .
The protein levels of the DNA glycosylase, OGG1, were measured by western blot using lung homogenates prepared as described above. Aliquots of homogenate were separated by electrophoresis using 12.5% Tris-HCl polyacrylamide gels and transferred to polyvinylidene difluoride membranes probed with Ogg1 rabbit monoclonal antibody (Epitomics 5104-1, Cambridge, MA) at a 1:30 000-40 000 dilution in 2% milk or with actin rabbit polyclonal immunoglobulin G horseradish peroxidase conjugate (Santa Cruz Biotechnology, sc-1616 HRP-R, Dallas, TX) with a dilution of 1/3000 to 1/8333 in 2% milk. Protein bands were captured on film through chemiluminescent detection and quantified (Bio-Rad Gel Doc EZ Imager, Hercules, CA). The intensity of each Ogg1 (39-40 kD) or saline control band was normalised to the actin band of the same sample and normalised to the average of saline control bands from the same blot. Similarly, western blots of glutamate cysteine ligase regulatory (modifier) subunit, GCLM, were obtained using a rabbit polyclonal antibody (ab81445, Abcam, Cambridge, MA) with dilutions of 1/1000 to 1/1333 in 2% or 5% milk.
Statistical analyses
All data represent mean ± SEM. Unless otherwise stated, data were analysed using statistical packages (t-test, analysis of variance, post hoc analyses using Dunnett's test or Bonferroni's test for repeated measures) provided by GraphPad Prism (La Jolla, CA) with a minimal statistical significance set at P < 0.05. All data were graphed using GraphPad Prism (v5.01-6.0, La Jolla, CA).
Results
Physiological parameters
A preliminary dose ranging (0.01-0.075 mg/kg i.t.) study was conducted to determine an appropriate non-lethal dose of PQ for subsequent investigations. At the lowest dose, 0.01 mg/kg, there was essentially no effect on respiration, body weight or temperature. At remaining doses of 0.03-0.075 mg/kg i.t., respiration was laboured (dyspnoea) by 24 h as evident in a rise in Penh after administration of the toxin ( Figure 1A) . Dyspnoea deteriorated by 48 h for doses of 0.02-0.075 mg/kg i.t. Coinciding with the changes in respiration, there was a dose-dependent decrease in body weight starting at 0.02 mg/kg i.t. (−3.8%, data not shown). Maximal weight loss was obtained at 0.05 mg/kg i.t. (−9.5%, P < 0.001). Body temperature also declined dose dependently, decreasing by as much as 4.2°C (P < 0.001) at 48 h using 0.075 mg/kg i.t. of PQ. Moreover, the wet/ dry weight ratio of the lung increased by about 52%, rising from 4.61 ± 0.03 to 7.01 ± 0.14 (P < 0.001). As a result of these data, the intermediate doses 0.02 and 0.03 mg/kg i.t. were chosen for the remaining experiments of a longer nature.
When lung function was monitored for 7 days, the intermediate doses (0.02 and 0.03 mg/kg i.t.) showed a rise and fall of dyspnoea ( Figure 1B) . At 3 days following PQ instillation (0.03 mg/kg i.t.), Penh increased from 0.41 ± 0.02 to 3.10 ± 0.75 (P < 0.001), a change of >7.5-fold. Thereafter, it returned towards baseline levels but remained modestly elevated as compared to saline-treated animals, i.e. at 7 days after toxin exposure, Penh = 0.56 ± 0.04 vs. 0.34 ± 0.02 (n.s.), respectively. Changes in tidal volume were unremarkable, however respiratory frequency was markedly increased; e.g. the latter rose from a baseline value of 251 ± 21 bpm to 279 ± 19 bpm after 3 days and to 302 ± 13 bpm at 7 days post-treatment. Together these changes indicated that the animals had severe difficulty breathing. In separate experiments, in which these doses of PQ were instilled once per week for eight consecutive weeks, similar robust changes in lung function occurred after the initial dose ( Figure 1C ). By contrast, each subsequent dose resulted in a much attenuated response. For example, the mean baseline Penh value rose from 0.43 ± 0.02 to 3.14 ± 0.36 following the first dose of PQ (0.03 mg/kg i.t.), whereas Penh was only 0.84 ± 0.60 after the second dose of the herbicide. On average, the levels of Penh and breathing frequency remained elevated in a dose-dependent manner above those for saline-treated animals ( Figure 1C inset) .
For both experimental paradigms, a number of morphological changes were also evident. Wet weight of the lungs from PQ-treated animals increased dose dependently in both the acute and repeated exposure studies (data not shown). For example, wet weights of the lungs of saline-treated animals were 1.14 ± 0.04 g, while those of the PQ-treated animals (0.02 and 0.03 mg/kg i.t.) were 1.69 ± 0.05 and 2.18 ± 0.11 g (N = 5), respectively, 7 days after the animals' treatment. The wet to dry weight ratio also rose from 4.69 ± 0.077 to 5.06 ± 0.06 and 5.35 ± 0.02, respectively. Comparable values for both of these parameters were obtained when animals were dosed repeatedly. Body weight of the animals also decreased in a dosedependent fashion. After a single dose (0.03 mg/kg i.t.), body weight decreased from 331 ± 3 to 281 ± 5 g (P < 0.001) by the third day and then returned to 302 ± 4 g at 7 days. At this time, body weights of the low-dose and saline-treated animals were 326 ± 6 and 340 ± 4 g, respectively. Interestingly, animals repeatedly exposed to PQ showed a similar loss of body weight after the first dose, however, their weights recovered and the animals continued to gain weight at a comparable rate as saline-treated rats (data not shown).
Bronchoalveolar lavage of lungs from PQ-treated animals revealed prominent inflammatory cell infiltration within 24-48 h of a single PQ exposure. This inflammatory response remained elevated when measured 7 days following exposure to the toxin. For example, macrophage cell counts rose from 4.1 ± 0.94 × 10 6 to 9.7 ± 4. 
Biochemical and molecular measures
Consistent with the mechanism by which PQ interferes with electron flow of the mitochondrial electron transport chain, the lung tissue contained enhanced levels of lactate at 7 days after a single exposure. Lactate concentrations increased from a basal level of 60.2 ± 4.0 nmol/mg protein to 91.2 ± 10.8 nmol/mg protein (0.02 mg/kg i.t., n.s.) and 147 ± 14.5 nmol/mg protein (0.03 mg/ kg i.t., P < 0.001) after PQ administration (Figure 2A ). Upon repeated exposure to PQ, lactate concentration at the conclusion of the 8-week period increased from 29.0 ± 1.8 nmol/mg protein to 39.4 ± 4.8 nmol/mg protein and 59.3 ± 10.6 nmol/mg protein, respectively. The reason for the discrepancy between absolute values in the two studies was not apparent. In the former case, the percent change was about 51% and 144%, and in the latter one, it was about 35% and 104%, respectively.
The oxidative burden initiated by PQ affected catalase activity which modestly rose by 10% and 18% for each dose of PQ, respectively, following a single exposure ( Figure 2B ). In keeping with these data, total glutathione concentration fell from 1.27 ± 0.03 nmol/g wet weight to 1.00 ± 0.04 nmol/g wet weight (P < 0.05) and 0.89 ± 0.09 nmol/g wet weight (P < 0.01), respectively (N = 5 per group) following a single PQ exposure. The level of 8-OHdG was increased by about 2-fold at the high dose of the toxin (25.7 ± 5.5 vs. 55.4 ± 7.1 pg/μg DNA; P < 0.01; no change was detected at the low dose of PQ, Figure 2C ). It should be noted that this is a measure of both nuclear and mtDNA oxidation. Associated with this change was an increase of cytoplasmic histone DNA fragments that occurs during cell death ( Figure 2D ). The mitochondrial toxin increased this measure of cell death by 3.14 ± 0.28-fold and 3.37 ± 0.18-fold at the low and high doses, respectively. For the prolonged exposure period, total glutathione fell from 2.92 ± 0.1 nmol/g wet weight to 2.2 ± 0.1 and 1.5 ± 0.1 nmol/g wet weight, respectively. Histone fragmentation was increased by 1.71 ± 0.26-fold and 2.89 ± 0.6-fold, respectively. Catalase was not determined in this case, and concentrations of 8-OHdG were essentially unchanged (data not shown).
After repeated administration of PQ, the expression of mitochondrial-encoded genes was downregulated [target fold change (TFC) and confidence intervals are shown in Table 1 ]. The gene expression of the mitochondrial ATP synthase subunit, mtAtp8 mRNA was markedly depressed at 0.03 mg/kg i.t.; TFC = 0.17. Comparable changes were obtained for mtNd2 mRNA (TFC = 0.25), one of the genes for the 7 mitochondrial-encoded subunits of the NADH dehydrogenase (Complex I) and mtCyb (TFC = 0.14), which encodes a subunit of the ubiquinol cytochrome c reductase (Complex III). , was performed to determine the apparent potency of PQ on dyspnoea (Penh) over a 48-h period and to be used in subsequent work displayed in (B) and (C). PQ was instilled into the trachea as described in Materials and methods. An increase in Penh reflects an increase in laboured breathing or dyspnoea. In Panel B, PQ (0.02 and 0.03 mg/kg i.t.)-induced effects were monitored after a single dose for 7 days, and in Panel C, it was given repeatedly once per week for eight consecutive weeks. The inset shows changes in breathing frequency using an expanded y-axis. Values represent mean ± SEM. (N = 4-10 for Panel A, N = 5 and 9 for each group in Panels B and C, respectively), while statistical significance was set a P < 0.05. *P < 0.05, **P < 0.01 and ***P < 0.001 mtDNA relative copy number was not evaluated in the acute or repeated PQ studies in rat using doses of 0.02 and 0.03 mg/kg i.t., because these low doses did not markedly impact this parameter when measured in the pilot dose ranging study. However, in separate experiments, when PQ was administered once to rats at 0.05 mg/ kg i.t., mtDNA relative copy number increased from 1.28 ± 0.40 to 3.46 ± 0.96 (N = 5, n.s. data not shown) 48 h after administration of the toxin. Long-extension PCR analysis using only mitochondrial primers showed that mtDNA damage was elevated in these lungs in the presence of PQ, 100 ± 68.01% vs. 258 ± 36.19 % (N = 5, n.s., data not shown). These studies were extended to intransal delivery of PQ in mice. It can be seen in Figure 3A that a single dose of PQ, 0.04 mg/kg i.t., also provoked a marked rise in mtDNA relative copy number when measured 48 h after instillation of the agent; rising from 1.10-to 2.21-fold change (N = 3-4, n.s.) confirmed the trend observed in rats. Moreover, long-extension PCR analysis ( Figure 3D) showed that PQ increased this parameter by more than 4-fold (P < 0.01) suggesting extensive mtDNA damage.
As an alternate toxicant, mice inhaled cigarette smoke for three consecutive days. Similar to the findings above, mtDNA relative copy number was increased ( Figure 3B) . As compared to sham-exposed animals, mice subjected to cigarette smoke showed a change of 1.58-fold (N = 4-5, P < 0.05) 48 h after the last treatment period. The damage to mtDNA due to cigarette smoke exposure was confirmed using long-extension PCR ( Figure 3E , P < 0.01). Interestingly, collection of inflammatory cells, e.g. neutrophils and macrophages, from the alveolar spaces by bronchoalveolar lavage indicated that mtDNA integrity was also compromised in these cells (data not shown).
For mice acutely exposed to ozone (2 ppm × 3 h on two occasions), the mtDNA relative copy number at 24 h after the last exposure was enhanced by about 2.5-fold as compared to those in room air ( Figure 3C, 1 .62 ± 0.71 vs. 3.85 ± 1.46, N = 4-5, n.s.). Analysis by long-extension PCR indicated that there was considerable damage to mtDNA ( Figure 3F ). The relative change after ozone reached about 200% (N = 7-8, P < 0.01). For animals repeatedly exposed to ozone (1 ppm × 3 h twice/week for 3 consecutive weeks), the mtDNA relative copy number was 19.52 ± 7.03 (N = 8), whereas the value for those housed in room air was 1.81 ± 0.68 (N = 6, P < 0.001). Longextension PCR analysis of mtDNA damage (over room air) following repeated ozone exposure was about 150% (N = 5-6, P < 0.01, data not shown). Figure 1B) as described in Materials and methods. All data represent mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
Expression of genes transcribing members of the DNA repair pathways were also adversely affected by PQ treatment. Ogg1 mRNA from lung samples obtained from acute ( Figure 4A ) and repeated ( Figure 4C and Table 1 ) PQ administration, particularly at the 0.03 mg/kg i.t. dose level, demonstrated decreased gene expression. For the former case, the TFC value at this dose was 0.24-fold and for the latter one, it was 0.44-fold. Moreover, expression of Neil1, Neil2 and Neil3 were downregulated after repeated high-dose exposure conditions, decreasing the TFC levels to 0.22-, 0.16-and 0.2-fold, respectively. Consistent with these findings, western blot analysis of the acutely exposed animals (0.02 and 0.03 mg/kg i.t.) showed a decline in OGG1 protein expression ( Figure 4B ), decreasing from controls values of 0.93 ± 0.96 density units to 0.60 ± 0.08 (P < 0.05) units at 0.02 mg/kg i.t. and 0.37 ± 0.06 (P < 0.001) units at 0.03 mg/kg i.t. For those rats given these doses repeatedly, the values of OGG1 protein fell from a control level of 1.0 ± 0.18 to 0.52 ± 0.13 and 0.7 ± 0.11 (n.s.), respectively ( Figure 4D) . Interestingly, protein expression of GCLM, a rate-limiting step in glutathione synthesis was also negatively impacted by acute PQ exposure. Values decreased from control values of 1.09 ± 0.10 to 0.65 ± 0.05 and 0.44 ± 0.03, respectively (data not shown).
Discussion
Exposure to environmental toxicants is fraught with many health hazards; key among them is DNA damage. Although DNA lesions occur daily at very high rates in cells, repair of these lesions are carried out by several pathways. In the mitochondrion, BER of DNA oxidative damage plays an important role in maintaining mtDNA integrity. In the present investigation, the herbicide PQ was chosen as a model of mitochondrial toxicity that stimulates a cascade of molecular events with associated organ functional defects. The lung was the major organ of study as it comes into direct contact with this toxicant upon inhalation as well as other airborne substances of current concern to global health. The major findings were: (i) PQ dose dependently decreased lung function while increasing inflammation and adversely affecting lung structure; (ii) PQ increased the formation of DNA oxidative lesions, histone fragmentation, and mtDNA damage, the latter of which was also observed following exposure of animals to cigarette smoke and ozone; and (iii) PQ downregulated the expression of mitochondrial-encoded genes important for energy production, DNA repair genes and OGG1 protein.
Although the mechanism of PQ toxicity may not be completely delineated, the presumptive mechanism of action relies upon superoxide anion production. As a redox cycler, the herbicide has been extensively utilised as a model system of oxidant-induced toxicity (23) . The mode of PQ action likely occurs within the flavin site of Complex I of the mitochondrial respiratory chain, where a singleelectron reduction of PQ produces the monocation PQ + , which then rapidly reacts with molecular oxygen to generate the superoxide anion (4, 24) . Dismutation by manganese superoxide dismutase enables the production of hydrogen peroxide and potentially other ROS. Robb et al. (25) have suggested that high concentrations of PQ are necessary to achieve mitochondrial effects and that ROS may arise from other cellular sources. Notwithstanding the source or type of ROS, the present study shows that doses of PQ as low as 0.02 mg/ kg following i.t. negatively impact lung function.
In the lung, the principal cellular target of PQ's destructive action is the alveolar epithelium, specifically Type I and II pneumocytes (26, 27) . A single intraperitoneal administration of the agent to rats results in rapid swelling of Type I alveolar epithelium with additional degenerative changes in Type II cells (26) . Progressive damage, i.e. sloughing of the epithelium, alveolar edema, congested capillaries and inflammation with mononuclear cells apparent in the alveolar spaces can be found within a few days. The mononuclear cells differentiate to "profibroblasts" that in short course differentiate further into mature fibroblasts within the alveolar spaces creating a dense mass of fibroblastic tissue (26) . Repeated low-dose exposure results in similar pathology with the exception that fibrosis is less dense. The functional outcome of PQ toxicity, given either by i.t. or by intraperitoneal injection, results in a loss of total lung capacity, functional residual capacity, vital capacity, residual volume, diffusion capacity and apparent alveolar volume (28) . Many of these effects observed in rodents are also obtained in humans who have been exposed to PQ (26) .
The present study confirms and extends these earlier findings. A single i.t. provoked a marked, dose-dependent rise in Penh, which provides a measure of dyspnoea. This response peaked about 3 days after instillation and waned thereafter. This was accompanied by loss of body weight and temperature, inflammatory cell infiltration and oedema formation. Although Penh returned towards control levels, the edema was long-lived and remained robust even after 7 days, suggesting that the bronchial responsiveness to PQ was not directly related to interstitial or alveolar fluid retention. One possible explanation is that the airway smooth muscle cells and/or parasympathetic neurons were reacting to the effects of PQ. Interestingly, the magnitude of the peak change in Penh was markedly attenuated on repeated instillation of PQ as opposed to an additive or synergstic increase. Moreover, there was essentially no further gain in lung wet weight. A recent investigation of the respiratory health of Korean farmers who were repeatedly exposed to PQ showed that lung function, i.e. forced vital capacity and forced expiratory volume in 1 s, was compromised as compared to those farmers not spraying the herbicide (29) . Moreover, there was a positive correlation between restrictive ventilatory defects and the number of application years. Taken together, these data indicate that non-lethal repeated doses of PQ can be tolerated in rodents and man. Unlike in the rats, however, the adverse changes in pulmonary function appear to be cumulative and progressive in humans.
Within the Type I and II alveolar epithelial cells, the mitochondria swell and lose intramitochondrial granules within 24 h after a single intravenous injection of PQ (40 mg/kg) to rats (27) . As might be expected, mitochondrial function is compromised. This is exemplified using transformed alveolar epithelial cells, A549, which displayed a concentration-dependent decrease in mitochondrial membrane potential (MMP) in response to PQ (unpublished data). This was accompanied by a decrease in the energy state of the cells, i.e. the ATP/ADP ratio, and an increased translocation of cytochrome c to the nucleus. In SH-SY5Y neuroblastoma cells, PQ also decreased MMP and provoked mitochondrial fragmentation (30) . Mitochondria isolated from striatal regions of PQ-treated rats demonstrate increased oxygen consumption in response to redox cycling, a detrimental effect on respiratory chain activity and oxidation of cardiolipin (31) . Although mitochondrial function was not directly measured in the current study, the dose-dependent rise in lactate concentration in the lungs of the PQ-treated animals was indicative of an increased anaerobic contribution to energy production.
The impact of PQ on mitochondrial function may also result from oxidative modifications to nucleotides within mtDNA. In the absence of sufficient mtDNA repair, the accumulation of mtDNA Figure 4 . Effect of acute and repeated exposures of PQ to rat lungs on gene and protein expression of OGG1. In Panels A and B, rats were administered a single dose of PQ, whereas in Panels C and D, animals were repeatedly given PQ for determination of gene and protein expression, respectively, as described in Materials and methods. The blots provide the derived data shown in Panels B and D and contain markers for OGG1 and reference control, actin. All data (N = 5-6) represent mean ± SEM. *P < 0.05 and ***P < 0.001. mutations promotes mtDNA instability and mitochondrial dysfunction, thereby driving disease pathology (32) . Chen et al. (33) showed that daily oral administration of PQ to mice for 28 consecutive days dose dependently increased the level of 8-hydroxy-2-deoxyguanosine in the mitochondrial fraction of the hippocampus. Acute PQ toxicity also promotes the formation of this oxidative lesion (34) . Few studies, however, have determined DNA oxidative damage in the lungs of PQ-treated animals. Sørenson and Loft (35) did not detect a change of 7-hydro-8-oxo-2′-deoxyguanosine in response to acute PQ (i.p.) administration. In the present investigation, a 2-fold increase was obtained at the high dose (0.03 mg/kg) of the toxin after 7 days. It should be noted, however, that this measurement was made in whole lung homogenates and therefore does not distinguish mtDNA or nuclear DNA. Histone fragmentation was dose dependently increased in the lungs indicating an associated rise in cell death. Although the cell type(s) was not determined, given the known histopathology of the lung (26) , alveolar epithelium is a likely contributor to this effect. These results do not describe the development of mtDNA mutations, however they do suggest that the DNA (and possibly RNA) oxidative lesions were not adequately repaired within the time frame of the present studies.
The mRNA expression level for three genes encoded by mtDNA, mtNd2, mtcyB and mtATP8, was dose dependently and markedly downregulated by repeated PQ administration. Each of these genes encodes for proteins that play important roles in the energy production apparatus of the mitochondrial respiratory chain. These proteins are subunits for Complex I, Complex III and the ATP synthase, respectively. Although respiratory chain activity was not measured in the present work, a recent study found that the activity of Complex I and IV were reduced in striatal mitochondria in response to PQ (31) . The acute administration of PQ (0.05 mg/kg i.t.) also adversely affected the mtDNA relative copy number suggesting damage to the mtDNA. This was confirmed by long-extension PCR amplification of the mtDNA. Because transcription and replication of mtDNA are tightly coupled (36) and the proficient operation of mitochondrial oxidative phosphorylation requires continuous mtDNA replication, these data strongly argue that mitochondrial function was disrupted by the presence of the toxin in the lungs of animals in the current study. The concentration of PQ in the lung was not measured, however, previous studies have shown that the half-life of elimination can be prolonged, e.g. about 1 month in murine brain after a single injection [10 mg/kg i.p. (37)]. Thus, the mitochondrial changes described in the present work may have been brought about either from the concentration or from the duration of PQ exposure. Moreover, it is possible that upon repeated intermittent administration of PQ that mitochondrial function adapted to maintain cellular viability. Repeated, intermittent stimuli, e.g. chronic aerobic exercise, that alter the energy state of the cell results in an adaptation of mitochondrial function, specifically an increase in the number of mitochondria per cell (7) . To what extent, if any, mitochondrial dynamic processes such as mitogenesis, fission or fusion were altered to maintain cellular bioenergetics is worthy of further investigation.
In agreement with the changes in mtDNA relative copy number obtained following PQ administration, this parameter was also affected by the acute exposure of animals to cigarette smoke or ozone. Cigarette smoke contains over 4500 noxious compounds, many affecting mitochondrial activity. Ozone is a purer form of oxidant as compared to cigarette smoke, but even at very low concentrations, it is highly destructive to the lung parenchyma. Both of these environmental toxicants can potentially oxidize macromolecules, including DNA. Cigarette smoking and ozone are associated with higher levels of urinary 8-oxodG (38, 39) . Given that PQ, cigarette smoke and ozone independently modified mtDNA relative copy number, these findings raise the question whether changes in mtDNA relative copy number may serve as an environmental sensor of oxidative damage and a biomarker of early disease pathology.
Oxidative damage to mtDNA is closely associated with cell death, whereas the efficiency of its repair can be cytoprotective. This is borne out using molecular overexpression or knockdown of OGG1 in response to several different sources of oxidative stress (40, 41) . For example, cells conditionally transfected with the gene for OGG1 (tagged with a mitochondrial localisation sequence) contained eight times more OGG1 protein and were more proficient at repairing their mtDNA following exposure to menadione (40) . Consequently, the cells retained a greater level of viability. Conversely, knockdown of OGG1 with small interfering RNA in cells exposed to oxidative stress induced by xanthine oxidase treatment were less able to repair mtDNA damage and the amount of cell death was greater than wild-type cells (41) . Additional examples include a study by Chouteau et al. (42) who administered a mitochondrial localised OGG1 fusion protein to isolated perfused rat lungs which protected pulmonary endothelial barrier function during oxidant stress. Moreover, cardiac overexpression of Ogg1 in mice also decreased mtDNA 8-oxoG while preventing fibrosis formation arising from transaortic constriction (43) . Improvement in mitochondrial function was also demonstrated using cardiac cells overexpressing Ogg1. In this case, mtDNA 8-oxoG, mitochondrial fragmentation and measurements of apoptosis were consistently lower in response to oxidant stress, whereas MMP and energy production were improved (44) . The dogma within the oncology literature has traditionally viewed knockdown of OGG1 protein to be potentially beneficial for countering cancer progression. Yuzefovych et al. (45) showed that mitochondrial overexpression of the protein in a murine model of breast cancer resulted in fewer, smaller tumours coupled with a 2-fold reduction of metastases formation. The remaining tumours displayed diminished mtDNA damage and improved mitochondrial function. Collectively, these studies suggest that BER, specifically the activity of OGG1, is important for maintaining mtDNA integrity, mitochondrial morphology and function. In the present investigation, mRNA and protein expression of Ogg1 were downregulated by PQ administration. In addition, mRNA expression of other important DNA glycosylases was markedly decreased. It is therefore not surprising to find increased levels of 8-oxodG, mtDNA damage and cell death. Thus, the efficiency of DNA repair, specifically mtDNA repair, is important for maintaining cell health in the presence of oxidant exposure.
In summary, the present investigation has shown that acute or repeated exposure to the environmental hazard, PQ, leads to deleterious effects on lung function, i.e. dyspnoea and oedema formation. Associated with these changes are marked increases in 8-oxodG formation, mtDNA damage, a shift towards anaerobic glycolysis, inflammatory cell infiltration and cell death. These changes likely arose from the enhanced production of ROS from the mitochondrial respiratory chain. Moreover, comparable findings for the changes in mtDNA relative copy number were also identified following acute exposures to cigarette smoke and ozone, both of which are currently well-recognised global health concerns. The mechanism of action contributing to the loss of pulmonary function requires additional investigation, however, some speculation may be warranted. The PQ-induced mitochondrial ROS production adversely impacts mtDNA integrity and its repair. In turn, the damaged mtDNA may stimulate a local, or upon expulsion from the cell to the bloodstream, a systemic inflammatory cascade followed by a loss of endothelial barrier function, immune cell recruitment and oedema formation. Of note, the PQ-induced changes in lung oedema formation and cell death suggest morphological and histological modifications within the lung parenchyma. Although previous studies indicate that the viability of Type I and II pneumocytes is vulnerable to PQ, the analytical methods used in the present study to determine cell death were unable to precisely identify the cell types that may have contributed to this finding. In addition, the gene and protein expression of an important DNA repair enzyme, Ogg1, were adversely affected by PQ. It remains to be determined whether Ogg1 activity was also influenced, however, the diminished protein content likely reduced the cellular rate of enzyme activity. These areas and whether mtDNA damage is a causal factor that led to the loss of pulmonary function remain topics of future investigation. Nonetheless, if there is a corollary in humans for these findings obtained in rodents, measures to decrease exposure to these toxins need to be addressed by the world community. Moreover, health benefits would be aided should the pharmaceutical industry find countermeasures to protect mtDNA integrity and mitochondrial function.
